Abstract. Study of current attachment at thermionic cathode for TIG arc at atmospheric pressure is attempted from numerical calculations of arc-electrodes unified model. The calculations show that the maximum temperature of arc plasma close to the cathode tip for W-2% ThO 2 reaches 19,000 K and it is the highest value in comparison with the other temperatures for W-2% La 2 O 3 and W-2% CeO 2 , because the current attachment at the cathode tip is constricted by a centralized limitation of liquid area of ThO 2 due to its higher melting point. The calculations also show that, in cases of W-2% La 2 O 3 and W-2% CeO 2 , the liquid areas of La 2 O 3 and Ce 2 O 3 are widely expanded at the cathode tip due to their lower melting points and then produce uniform current attachments at the cathode. It is concluded that the current attachment at thermionic cathode is strongly dependent on work function, melting point and Richardson constant of emitter materials.
Introduction
In TIG arc, at atmospheric pressure, electrons are emitted from a thermionic cathode of the tungsten electrode, of which the work function would be reduced by generally adding an emitter material such as thorium oxide (ThO 2 ), lanthanum oxide (La 2 O 3 ), and so on [1] . However, there is still a lack of practical understanding of the physical behavior in the electrode region. For example, current attachment at thermionic cathode is still not yet clear. The emitter materials such as ThO 2 , La 2 O 3 , etc would not only affect work function of the cathode but also current attachment at the cathode. The current attachment at the cathode affects plasma state of the arc column due to change in the cathode jet induced by the Lorentz force at the cathode region [1] . It is well known that arc flames are dependent on those kinds of emitter materials which are added to the tungsten electrode. Welders, for example, suggest that a W-ThO 2 electrode produces a hard arc flame but a W-La 2 O 3 electrode produces a soft arc one. This paper presents a methodology for predicting the current attachment at thermionic cathode for TIG arc at atmospheric pressure in argon. A numerical model of a TIG arc is used, where the arc and its electrodes are treated as a unified system.
A Unified Model
The tungsten cathode, arc plasma and anode are described relative to a cylindrical coordinate, assuming rotational symmetry around the arc axis. The flow is assumed to be laminar, and the arc plasma is assumed to be in local thermodynamic equilibrium (LTE). The diameter of the tungsten cathode is 3.2 mm with a 60 degrees conical tip. The anode is assumed to be a water-cooled copper and its diameter is 50 mm with 10 mm in thickness.
The detailed governing equations, boundary conditions and numerical method are available in the authors' previous work [2, 3] . The governing equations are solved iteratively by the SIMPLEC numerical procedure [4] for the whole region of the TIG arc.
Treatment of Current Attachment
The in-situ measurements of work function of a cathode in argon TIG arc during operation at atmospheric pressure were carried out simultaneously with measurements of surface temperature of the cathode [5] . This technique is based on the photoelectric effect at the surface of the tungsten cathode with the use of a pulse laser system. The effective work functions of pure W, W-2% ThO 2 and W-2% La 2 O 3 electrodes, during operation at a current of 200 A, were 4.6 eV, 2.8 eV and 3.0 eV, respectively, from the in-situ measurements. These results were very close to the work functions of W, ThO 2 and La 2 O 3 as pure materials, obtained from the literature [6] . Therefore, it was concluded that the effective work function of tungsten electrodes with an emitter material, namely, ThO 2 or La 2 O 3 , was dominated by the work function of the emitter material even though its addition to the electrode was only 2% in weight.
From the authors' previous study [5] , the image of current attachment at thermionic cathode, shown in Fig (d) Emitter material, above its melting point, covers the whole surface of tungsten. In order to evaluate the current attachment, the space-charge sheath at the cathode surface has to be regularly calculated with thermionic emission of electrons [7] . However, the unified model does not take the sheath into account. Therefore, for simplification, we assume that the role of thermionic emission of electrons by emitter material is replaced with the electrical conductivity of arc plasma on the cathode surface, as shown in Fig. 2 . If surface temperature of the cathode is higher than the melting point of emitter material, the electrical conductivity of arc plasma on the 
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Advanced Welding and Micro Joining / Packaging for the 21st Century cathode surface is assumed to be a regular value, dependent on temperature, because the emitter material covers the whole surface of tungsten. If surface temperature of the cathode is lower than the melting point of emitter material, the electrical conductivity of arc plasma in one mesh neighbored on the cathode surface is assumed to be 5% of the regular value because the emitter material practically covers about 5% of the tungsten surface. The flux of arc current, from one mesh to another mesh, is roughly represented by I = S σ E ( ), where S is the area between two meshes. 5% S is assumed to be replaced by 5%σ . Three types of tungsten electrode, namely, W-2% ThO 2 , W-2% La 2 O 3 and W-2% CeO 2 are calculated in this paper. The numerical values, given to a unified model from the literature [6] , are tabulated in Table 1 . In a manufacturing process of tungsten electrode, CeO 2 is reduced to Ce 2 O 3 after sintering in pure hydrogen atmosphere [8] . In this study, it is also assumed that CeO 2 of W-2% CeO 2 electrode completely transforms to Ce 2 O 3 .
Results and Discussion Figure 3 shows two-dimensional temperatures and fluid flow velocities of TIG arcs for various kinds of electrodes at 200 A arc current and 5 mm arc length. These calculations were made for the steady state. The difference between calculated arc voltages for various electrodes is negligible and the value of the arc voltage is about 11.2 V. This tendency was pointed out by experiments [1] . However, the plasma state of arc column is locally affected by the electrode types. Especially, the maximum temperature of arc plasma close to the cathode tip, for W-2% ThO 2 , reaches 19,000 K and is the highest value in comparison with the other temperatures for W-2% La 2 O 3 and W-2% CeO 2 , because the current attachment at the cathode tip is constricted by a centralized limitation of liquid area of ThO 2 due to its higher melting point. This higher temperature of plasma close to the cathode tip at the arc axis would play an important role in production of a hard arc flame. In cases of W-2% La 2 O 3 and W-2% CeO 2 , the liquid areas of La 2 O 3 and Ce 2 O 3 are widely expanded at the cathode tip due to their lower melting points, and then produce uniform current attachments at the cathode, resulting in a soft arc flame. Figure 4 shows temperature distributions 
Conclusions
The conclusions in the present paper are summarized as follows.
(1) Study of the current attachment at thermionic cathode for TIG arc at atmospheric pressure was tried from numerical calculations of arc-electrodes unified model.
(2) It was suggested that the current attachment at thermionic cathode was dependent on work function, melting point and Richardson constant of emitter materials.
(3) The maximum temperature of arc plasma close to the cathode tip for W-2% ThO 2 reached 19,000 K and it was the highest value in comparison with the other temperatures for W-2% La 2 O 3 and W-2% CeO 2 , because the current attachment at the cathode tip was constricted by a centralized limitation of liquid area of ThO 2 due to its higher melting point. This higher temperature of plasma close to the cathode tip at the arc axis would play an important role in production of a hard arc flame. 
